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ABSTRACT

Author: Bazarbayev, Yerik. MSNE
Institution: Purdue University
Degree Received: May 2018
Title: Effect of Surface Treatments on Radiation Tolerance of ATI 718Plus Alloy
Major Professor: Janelle P. Wharry
The objective of this study is to observe irradiation effects on the microstructure of nickelbased alloy after surface enhancements. Surface modifications as laser shock peening (LSP) and
ultrasonic nanocrystal surface modification (UNSM) techniques were implemented on ATI 718
Plus alloy. These methods introduce compressive residual stresses to the surface of the material.
It follows that the samples experienced a severe plastic deformation, and UNSM technique refines
the grains. After irradiation was done by 2 MeV protons at 500ºC with damage dose 1 dpa,
transmission electron microscopy (TEM) lamellae were made and bright field scanning TEM (BF
STEM) images were taken to study the microstructure. TEM did not show any presence of voids
and precipitates. Thus, the major contribution to irradiation damages came from dislocation loops.
Dislocation loop analysis was made by measuring the sizes, calculating the number density and
total line length of loops. Also, the relation between grains sizes, misorientations of the grains to
the irradiation damages are discussed. Finally, nanoindentation tests were performed to evaluate
mechanical properties of the samples after irradiation.
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1. INTRODUCTION

Nuclear energy is relatively new comparing to fossil plants, and it has more advantages
than disadvantages. Last couple decades have shown that nuclear energy can be affordable and
sustainable. Also, using the nuclear energy can gradually reduce carbon emission [1][2]. The latest
accident in Fukushima changed the view to the nuclear energy as a source of safe energy. However,
in each new generation of reactors the first aim to make reactor safer than it was before.

Figure 1.1 Outline of PWR components and Materials, adapted from [4]

The average lifetime of a nuclear power plant is approximately 40-60 years. While
operating, one of the main limitations is materials that made the nuclear power plant system.
During that period materials are in harsh environments such as water corrosion, high temperature,
and charged particles damages. It should be mentioned that radiation also affects the properties of
the materials. Current light water reactor (LWR) components made by different materials and
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radiation differently affects to them. The common structural materials in PWR reactors shown in
Figure 1.1. While the core and inner parts can be subject to radiation hardening and radiationinduced segregation, the steam generator parts can be subject to stress corrosion-crackling (SCC)
[3].

Figure 1.2 Examples of stress-corrosion cracking in LWR power plants. (a) Primary water stress corrosion
cracking in steam-generator tubing and (b) irradiation assisted stress corrosion cracking in a PWR baffle bolt.
Adapted from [3].

Majority of the present nuclear power plants in the world are Generation II reactors [4].
Generation II reactors were built in 1960 and started commercial operation in 1970. Nowadays,
researchers are trying to develop progressive systems which known as Generation IV systems. The
Generation IV reactor systems require materials that can work under the higher temperature,
radiation dose, and corrosive environment than present nuclear power systems. To build generation
IV reactors all material investigations are focused to fit these demands:
-

Resistance to thermal and irradiation creep

-

Acceptable strength, ductility, and fatigue resistance after aging

-

Chemical stability with different coolant, and fuel components

In addition, the minimum operational period of Generation IV reactor systems predicted to be sixty
years [5]. In order to do that, observing materials which are tolerant to radiation damages, and
corrosion resistant at elevated temperatures lies as the fundament of this paper.
In this work, a nickel-based alloy that widely used in the aircraft industry is investigated
under proton irradiation. In Chapter 2 is considered background information on ATI 718Plus alloy,
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surface treatments to improve the hardness of the material, emulation of radiation damages, and
nanoindentation tests. The relevant experiments and techniques are discussed in Chapter 3. In
Chapter 4 results and discussion are offered. Finally, Chapter 5 provides a conclusion to the thesis
work.
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2. THEORETICAL BACKGROUND

This chapter covers literature review, and consists of subchapters which are nickel-based
alloys, surface modification techniques, radiation damages, and nanoindentation tests. The
classification of nickel alloys is discussed in nickel-based alloy section. Then in the next part is
reviewed the processing of surface enhancement methods. Radiation damage piece considers the
main mechanisms and effects of irradiation. In the last part nano-hardness test and theory is
covered.

Nickel-based alloys
The investigation on nickel-based alloys has started hundred years ago compared to the
iron-based and copper-based alloys that have a history of thousand years. Nickel shows better
corrosion resistant than iron due to initiation of denser and higher protective corrosion films
compared to iron. Also, it can be alloyed with different chemical elements. Because of corrosionresistant and creep-resistant abilities, the nickel-based alloy has been used widely in aerospace,
chemical industries, and electricity generation plants as main structural material.
Table 2.1 provides an example of how different chemical composition affects to Ni-based
alloy properties. An outcome from individual elements can be classified into three groups. The
first group of elements contains nickel, ruthenium, tungsten, cobalt, molybdenum, rhenium, and
chromium which make alloy matrix more stable. The second group has elements such as niobium,
titanium, aluminum, and tantalum that boost the ordered precipitation. The third group includes
zirconium, boron, and carbon which are willing to grain boundary partition [6].
In industry nickel-chromium-iron (Ni-Cr-Fe) and nickel-chromium-iron-molybdenum
(Ni-Cr-Fe-Mo) are the most popular among other Ni-based alloys. In these two types of alloys, the
addition of chromium improves resistance to sulfurs and oxidation at elevated temperatures.
Molybdenum (Mo), titanium (Ti), and aluminum (Al) content can improve creep-strength under
corrosive media.

5
Table 2.1 Various properties of Ni-based alloy by varying chemical composition from [7].

Ni-based alloys recommended itself as power plant material. One of the bright
representatives is Alloy 600 which has an exceptional resistance to stress corrosion crackling, and
thermal expansion coefficient between ferritic and austenitic steels is used in LWRs as steam
generator tube material. Also, it can be applicable to control rod drive mechanisms nozzles.
Another example is Alloy X-750 which is used in PWRs as bolting and string material. For future
applications Alloy 625, Alloy XR, and Alloy X under examination for Generation IV reactor types
[7].
2.1.1 Mechanical surface enhancement techniques
In ancient Ur in 2700 B.C golden helmets found to be modified by hammering. Thus, it
makes hammering the first method of surface enhancement. Later, in 1789 an outside layer of
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artillery gun cask was hammered to increase its strength. Until 1920 surface enhancement
techniques were craftspeople secret knowledge which was only passed to their trustees. In 1920 1930 surface treatments advanced as processing technique. Also, a relation between treatments
and fatigue strength were established. Other methods such as rolling that replaced hammering,
shot peening which shifted rolling exist and are progressing with the new technologies [8].
The criteria for fatigue strength are residual stress state, work hardening state, the
microstructural alterations, and surface roughness. Especially, surface stability is important while
cyclic loading, or temperature changes. Stability of the surface layer is reached by introducing
compressive residual stresses that accompanies with severe plastic deformation and changes in
microstructure. In addition, microstructure changes can affect to the corrosion resistance of the
metal material [9].
2.1.2 Laser shock peening
Laser shock peening (LSP) was developed in the 1970s, but a limitation of the instruments
did not allow to advance this technique. Today laser instruments that more developed than 40 years
ago give the opportunity to observe and take advantage of LSP method on fatigue strength of the
metal material. Illustration of the idea with the LSP method demonstrated in Figure 2.1. On the
top of sample sacrificial coating is placed to prevent the target surface from ablation or melting.
Usually, it is black paint.

Figure 2.1 Schematic representation of LSP
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When the laser hits the coating, it creates a plasma. Plasma absorbs energy from the laser,
establishes a pressure to the surface of the target material. This pressure generates shock waves
that are conducted to the target. The pressure from plasma can be varied between 5-10 GPa [10].
When the shock wave introduced to the target plastic deformation occurs up to a certain depth. At
this point pressure peak coming from plasma does not go beyond the Hugoniot elastic limit (HEL)
of the material. HEL – a material transition from purely elastic to elastic-plastic state when the
material undergoes plastic deformation. The relation between HEL and dynamic yield strength is
given by Johnson and Rhode (1971):
1−𝜗

𝐻𝐸𝐿 = 1−2𝜗 𝜎𝑦

(2.1)

where, σy – dynamic yield strength, ϑ – Poisson’s ratio.
R. Fabbro et al. 1990 scaled the peak plasma pressure P by considering plasma as perfect
gas[11]:
𝛼

𝑃(𝐺𝑃𝑎) = 0.01√2𝛼+3 √𝑍(𝑔/𝑐𝑚2 𝑠 2 )√𝐼0 (𝐺𝑊/𝑐𝑚2 )

(2.2)

where, I0 – laser power density, Z – reduced shock impedance between the material and the
confining media. In water confined media the pressure peak is approximately,
𝑃 ≈ √𝐼0

(2.3)

Implementation of the LSP treatment can cause an improvement in mechanical and
corrosion resistance properties of the target by introducing compressive residual stresses and
surface strain hardening [10]. It is evident that residual stress distribution depends on the dynamic
force of laser pulses and on its interaction with surfaces. So, for LSP treatment specific
combination of laser power density, deposition time and spot size are required to achieve desired
material’s performance.
2.1.3 Ultrasonic nanocrystal surface modification
Ultrasonic nanocrystal surface modification (UNSM) is mechanical surface enhancement
method.
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Figure 2.2 Schematic diagram of UNSM treatment system and its components. Adapted from [9]

The experimental equipment scheme provided in Figure 2.2. Using the tungsten carbide tool tip
several tens of thousands of strikes hit the surface of the material using ultrasonic vibratory energy
generated by a transducer. The tip transfers dynamic and static forces to the surface of the target
that causes high compressive residual stresses and surface hardening. Also, these forces introduce
a severe plastic deformation near the surface and create a formation of nano-sized grains [12]. The
creation of nanocrystal structure is given in Figure 2.3.

Figure 2.3 Illustration of grain refinement by UNSM. Adapted from [13]

UNSM treatments can be applied to increase the fatigue life of the metal materials [14].
Also, A. Amanov et al, observed an increase in fatigue life of high-temperature structural materials
after UNSM treatment [15]. UNSM implemented to rise a fracture strength of metallic glasses [16].
In addition, corrosion resistance and SCC modification in low carbon steel by UNSM method
detected [9].
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2.1.4 ATI 718Plus and surface enhancement techniques
ATI 718 or 718Plus is a nickel-based alloy that is modernized version of Alloy Inconel 718.
Alloy Inconel 718 (IN 718) or sometimes in literature it is called as Alloy 718 have been widely
used in aerospace and aircraft engineering, because of workability at high temperature and
corrosion resistance. The main strengthening phases in IN 718 are gamma-prime (Ni3TiAl) phase
and gamma-two-prime (Ni3Nb) which are stronger but difficult in processing. The operational
temperature is 540ºC, and at temperatures above 650ºC gamma-two-prime phases become
metastable]. That it is the main limitation of IN 718 alloy. As a result, Allegheny Technologies
Incorporated also known as ATI advanced IN 718 working temperature up to 704ºC, and called it
ATI 781Plus [6].
718Plus is precipitate hardened nickel-based super alloy which means primary
strengthening phase is gamma-prime. Also, it has austenitic face-centered-cubic (fcc) crystal
structure.
LSP and UNSM treated 718Plus material samples was investigated by M. Kattoura et al.
[11], [17], [18]. These two methods introduce a severe plastic deformation to the surface which
leads to high dislocation density, and twin boundaries nucleation. They also observed a significant
increase in hardness and fatigue life in both samples. The hardness trend which was decreased
with depth was observed. The alteration in grains, hardness and residual stresses after the
mechanical surface treatments are given in Figure 2.4.

Figure 2.4 Illustration of changes in hardness and residual stresses after mechanical surface treatments from [8]
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The UNSM treated sample showed highest hardness at the surface, while LSP treated sample
showed a higher hardness until 550 micrometers. Finally, UNSM treated sample’s microstructure
alteration detected up to one micrometer.

Radiation damages
Ion-solid interactions can be described as an energetic particle hits the target atom. Depending
on the initial energy of the bombarding particle, and target crystal structure several ways are
possible:
-

Channeling of the projectile atom into target crystals

-

Creation of the primary-knocked on atom (PKA)

-

Backscattering of the bombarding particle

-

Sputtering of target atoms

In radiation damage theory one is interested in a birth of PKA. Creation of PKA happens when
the bombarding particle transfers sufficient kinetic energy to displace a target atom from its lattice
site. Later PKA will generate a sequence of displacements in the target, or as it is called collision
cascade. When PKA comes to its equilibrium state as an interstitial atom, radiation damage event
completed. The consequence of radiation damage is a collection of vacancy-interstitial (point
defects) defects also known as Frenkel pair. Following effects of clustering, migration of point
defects and dissolution of point defects knows as radiation damage effects [19].

Figure 2.5 Schematic representation of collision cascade from [21]
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Displacement per atom (dpa) is commonly used measure for irradiation damage. A unit of 1 dpa
means that, on average every atom in the irradiated dimension has been displaced once from its
equilibrium lattice site [20]. Dpa depending on depth x can be found by:
𝑑𝑝𝑎(𝑥) =

𝑁𝐷
𝑁

=

0.4𝐹𝐷 (𝑥)
2𝐸𝑑

2.1

where, ND – number of displacement per unit depth, N – atom number density, FD – energy depth
distribution, and ED – displacement energy.
Geometrical types and configuration for irradiation-induced defects can be divided as: 1)
point defects – vacancy and interstitial; 2) line defects – dislocation line; 3) two dimensional perfect loop and Frank loop (faulted loop); 3) three-dimensional compositions are the stacking
fault tetrahedron, cavities.
Eight property of material degradation under irradiation can be distinguished by dominant
effects at elevated temperatures [21]:
-

Radiation-induced amorphization

-

Radiation- induced hardening

-

Radiation-induced segregation and precipitation

-

Thermal and electrical conductivity degradation

-

Irradiation creep – time-dependent defect under constant load at elevated temperatures
above T/Tm>0.3.

-

Irradiation growth – volume conservative deformation of a solid without applied stress

-

Irradiation swelling – the isotropic volume expansion without external stress

-

Irradiation embrittlement – when material under temperature above 0.5Tm, and helium
production is high enough to cause migration of helium into grain boundaries where they
form large cavities.

2.2.1 Ion radiation as neutron radiation damage, and its simulation
A neutron with an energy 1 MeV can create a recoil atom with kinetic energy in the range
of 10-100 KeV. This recoil atom will have sufficient energy to leave its lattice site and displace
another atom by creating Frenkel pairs. However, such kind of experiments that are inside of a
reactor are impossible to do for everyone. Therefore, researchers came up with an idea using a
charged particle accelerator as a source of the radiation beam. By the nature of neutron interactions
with a matter, it creates a flat damage profile that can be relatively reached by protons up to certain
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depth (Figure 2.2.2). For instance, the heavy ion such as argon with the energy of one MeV can
create the same recoil atom as one MeV neutron.
Another way to emulate neutron damages is by picking protons as the source of irradiation.
As advantages of proton irradiation, one should take into account: relatively flat damage profile
that can be reached in short amount of time, and good penetration depth up to tens of micrometer.
In addition, in the work of G. S. Was et al. (2002) comparison of a neutron to proton irradiation
with different doses at the same temperatures were presented [22]. The authors investigated on
radiation-induced segregation (RIS), irradiation hardening, microstructure changes and irradiation
assisted stress corrosion crackling (IASCC) in two different steels. As a result, researchers
obtained some good and excellent agreements in both irradiations. The conclusion of their paper
states that neutron irradiation can be studied by proton irradiation even with some disadvantages
considerations. Also, extensive work was done in [23] to combine all major aspects while using
proton irradiation. As drawbacks of proton irradiation can be listed as a low mass of proton
produces recoils with small energy which leads to damage rate limitation; no transmutation
happens while irradiation.

Figure 2.6 Comparison of damage profiles from proton, neutron and self-ion irradiations from [19]

The next way to observe radiation damages is by using computers. Simulation of the
processes can be done in short time, and cost will be lower even by using an accelerator. For
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instance, computer simulations as molecular dynamics (MD) and Monte Carlo (MC) are widely
used in describing the process of radiation.
2.2.2 Radiation-induced hardening
Irradiation under temperatures Tirr<0.3Tm can increase yield strength for both fcc and bcc
typed materials. As it shown in Figure 2.7 an increase in yield strength depends also on a dose of
radiation. Also, it follows that radiation reduces the total elongation for both fcc and bcc.
Hardening in fcc and bcc is produced by different types of defects, such as defect clusters,
dislocation loops, dislocation lines, voids, bubbles, and precipitates.

Figure 2.7 Stress-strain curves for fcc and bcc steels. Adapted from [19].

Two ways of hardening in metals are possible: source hardening - increase in stress needed
to move dislocation from its glide plane; and friction hardening – the stress needed to resist
dislocations from moving or keep plastic deformation.
Source hardening in irradiated fcc found to be irradiation-induced dislocation clusters that cause
increase in stress and initiate source multiplication in the Frank-Read sources.
In friction hardening the forces that emerge against dislocation motion are dislocation networks
and obstacles such as precipitates, voids, loops, and defect clusters. So, these forces can be
described in terms of short-, and long-range stresses:
𝜎𝐹 = 𝜎𝐿𝑅 + 𝜎𝑆𝑅

(2.2)

where, σF - friction hardening, σLR – long-range stresses, and σSR – short-range stresses.
Long-range stresses arise from the interaction of dislocation motion and dislocation
network. Then long-range stresses may be written:
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𝜎𝐿𝑅 = 𝛼𝜇𝑏√𝜌𝑑

(2.3)

where, α – obstacle hardness, b – Burger’s vector, µ - Shear modulus, ρd – dislocation density. In
terms of yield stress equation (2.2),
𝜎𝑦 = 𝜎𝑖 + 𝛼𝑀𝜇𝑏√𝜌𝑑

(2.4)

where, M – Taylor factor, σi – Friction stress.
Short-range stresses emerge as a result of interaction between a moving dislocation and
obstacles. The first case when dislocation motion interacts with precipitate. If the precipitates are
hard enough, an applied stress will bow the dislocation (Figure 2.8).

Figure 2.8 Bowing of hard precipitates by moving dislocation. Adapted [19]

So, the strengthening mechanism due to precipitates can be written as a dispersed barrier hardening
and in terms of yield stress:
∆𝜎𝑦 = 𝛼𝑀𝜇𝑏√𝑁𝑑

(2.5)

where, N – obstacle density, d – size of obstacle. When an obstacle has strength as α=1, then it is
called perfect barrier [20]. For other obstacles such as voids is equal to α=0.16, and for the loops
it is α=0.2.

Figure 2.9 Cutting an obstacle by dislocation from [19].

The higher hardening comes from obstacle bowing, while hardening from the cutting
obstacles also possible (Figure 2.9). The obstacle which was cut by dislocation as result shifts
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from along a glide plane, and that displacement result is equal to the magnitude of Burger’s vector.
Subsequent shearing the obstacle can divide it into two smaller obstacles.

Nano indentation
One of the ways of studying the microstructure of materials is by making nanoindentation.
As we discussed previously, that proton irradiation damage profile has a flat region and goes up to
tens of micrometer which are comparable with neutron damage profile. So, the nanoindentation
allows examining the changes in the hardness with a small load. For instance, ion irradiated sample
while using test method as Rockwell will not provide adequate results because it will be overlapped
with the sample that was not irradiated.
The goal of indentation is to provide elastic modulus and hardness data by increasing the
indenter load to the certain point of depth and then unloading it. In addition, the data from the
nanoindentation contributes to understand crackling, phase transformation, creep and energy
absorption of the material [24]. The nanoindentation does not require special applications such as
high vacuum, or unique specimen preparation. Also, the control panel which is usually computerbased software is user-friendly and unambiguous. Nano-indenter applications usually can run in
two modes: the first is when an operator uses maximum load to determine the depth, and the second
is when operator insert exact penetration depth.
The geometry of the indenter can be divided into two groups: the first is blunt which are
spherical, cylindrical shaped; and the second is sharp which are conical, or pyramidal shaped
(Figure 2.10). However, spherical shaped indenters can be considered as sharp when one is using
a high load. The common geometrical shape that is used in nanoindentation tools is sharp indenters.

Figure 2.10 Representation of different geometry indenters: a) spherical; b) conical; c) Vickers; d) Berkovich;
Adapted from [24]
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An example of the common load-displacement curve is given in Figure 2.11, 12. The analysis of
the curve was suggested by G.M. Pharr and W.C. Oliver (1992) [25]. In their work authors
developed a new method of flat punch technique that could describe better the penetration depth.
In Figure 2.11 values are Pmax – maximum load, hmax – maximum depth, he – elastic recovery depth,
hr – residual stress impression depth, ha – contact perimeter, hc – contact depth.

Figure 2.11 Load-displacement curve from [24].

Figure 2.12 Schematic representation of analysis to obtain contact depth value. Adapted from [24]

Most common indenter type in nanoindentation is Berkovich indenter. Berkovich indenter
is pyramidal diamond indenter tip with face angle θ = 65.270. It also has the same projected area
as Vickers indenter tip, but it is sharper because of its three-sided pyramidal shape. The relation
between projected area and contact area depth is given by equation 2.3.1.
𝐴 ≈ 24.5ℎ𝑐2
Then the hardness, H, can be found by:

(2.3.1)
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𝐻=

𝑃

𝑃

= 24.5ℎ2
𝐴

(2.3.2)

𝑐

Where contact depth can be found from the relation
ℎ = ℎ𝑐 + ℎ𝑎
and contact perimeter is related with elastic recovery depth by
ℎ𝑎 = (

𝜋−2
𝜋

) ℎ𝑒

(2.3.3)

In nuclear engineering, nanoindentation found itself as a qualitative tool for measuring the
mechanical changes after irradiation. Nanoindentation on ion irradiated materials can be made in
two ways: the first is direct indentation to the irradiated surface; the second is cross section
indentation. For example, on the paper, J. Wharry et al. (2016) studied irradiation hardening by
neutron and proton irradiation on Fe-9%Cr ODS steel [26]. So, the way of measuring the change
in harness was by direct indentation to the irradiated surface. Even though the surface measurement
is easier to make, it requires a deeper understanding of irradiation contribution among several
effects while making dose versus hardness plot. On the other hand, cross-sectional testing allows
more accurately plot dose versus hardness [27][28]
Finally, nanoindentation tests measure the hardness of the material which is the ability to
resist to plastic deformation. There are several units that are used to scale hardness such as Brinell,
Rockwell, Knoop, and Vickers. The output from nanoindentation tests is in the units of Pascal, and
the relation of nanohardness to the microhardness is simply the conversion of Pascal to Vickers
microhardness. It can be described as Hv = 9.807 MPa. Microhardness can be converted to the
yield strength, σy, of the material [19]: for austenitic stainless steel
∆𝜎𝑦 = 3.06 ∆𝐻𝑉

(2.3.4)

for ferritic steels
∆𝜎𝑦 = 3.03 ∆𝐻𝑉

(2.3.5)
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3. MATERIAL AND EXPERIMENTAL METHODS

In this chapter all related experimental setups and conditions are discussed. The first part
is specimens and preparation conditions, the second part is irradiation, and the last part is post
irradiation experiments. Post irradiation experiments include hardness tests and transmission
electron microscopy (TEM) imaging processes.

ATI 718Plus composition and microstructure properties
The hot-rolled and solution treated at temperature 954-982ºC plates from ATI was taken.
To increase the strength of the plates by formation of precipitates and their growth, company
suggests a heat treatment and aging process in a vacuum furnace at 788ºC for 8 hours, cool the
furnace 38ºC per hour till the temperature reaches 704ºC and remain for 8 hours at 704ºC, then air
cooled [12, 17]. So, the precipitate acts as barriers to dislocation motion. Bars with dimensions
20x2x2 mm were cut from the plates after the heat treatment. The composition of the ATI 718Plus
is given in Table 3.1. All samples were polished to avoid roughness on the surface material.
Table 3.1 IN 718 chemical composition
Element

Fe

Cr

Nb

Mo

Al

Ti

Co

W

P

C

B

Ni

Wt.%

9.66

17.42

5.48

2.72

1.46

0.71

9.13

1.04

0.013

0.028

0.004

Balanced

M. Kattoura et al. (2018) studied the microstructure of the heat treated 718Plus as baseline
sample by scanning electron microscopy (SEM) [12]. Also, the surface regions were analyzed by
making transmission electron microscopy images by making focused ion beam (FIB) lamellae in
the suitable regions. The grain size is found to be 32 µm from SEM in back-scattered electron
(BSE) imaging figure 3.1(a). Also, spheroidal gamma prime phases with size ranges of 30-50 nm
were found from the dark field transmission electron microscopy image, and diffraction pattern of
gamma prime phases {001} in the inset [001] zone taken by selected area (Figure 3.1(b)) [12]. In
addition, electron-backscatter diffraction (EBSD) from [12] for the 718Plus was taken to show the
grain sizes in the sample (Figure 3.2).
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Figure 3.1 a) BSE image; b) dark field image from TEM with diffraction pattern in zone [001]. Adapted from [12]

Figure 3.2 Electron-backscatter diffraction (EBSD) image from [12].

3.1.1 Laser shock peening (LSP)
A sample with 10x10 mm was peened at the center by Q-Switched, Nd: YAG laser. The
laser wavelength was λ=1024 nm, and frequency was 10 Hz. Detaining environment was chosen
as water, and protected by vinyl tape as sacrificial are. Other laser parameters are listed in Table
3.2 [17]. The microstructure results from EBSD [17] showed no change in grain sizes (Figure 3.3),
and shock waves from the procedure can affect up to 700 µm [18]. And the sample dimension that
used in irradiation experiment presented in Figure 3.4.
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Table 3.2 LSP treatment parameters from [17]
Energy, J

3

Pulse width, ns

28.6

Spot

Diameter,

Power

(mm)

(GW/cm2)

2

4.7

density,

Peened

patch,

Overlap

(mm)
10x10

50%

Figure 3.3 EBSD map for 718Plus+LSP from [17]

Figure 3.4 718Plus + LSP sample representation.

3.1.2 Ultrasonic nanocrystal surface modification (UNSM)
A sample patch of 718Plus with dimensions 10x10 mm were UNSM treated. Experiment
carried out by tungsten carbide ball tip with a titanium holder which has a diameter of 2.38 mm.
In Table 3.3 experiment condition represented where: static load – adjusted burden substance;
amplitude – the dynamic load; scanning speed – velocity of the sample holder; spacing interval –
space between two tip strikes [12]. UNSM technique creates a layer with thickness of 5 µm nearby
surface which ensures a hardness of the surface up to 300 µm [18]. In addition, EBSD mapping
image from [12] is provided to demonstrate the grain size refinement after UNSM treatment
(Figure 3.5). A bar with 20x2x2 mm were cut from the plate to later experiments (Figure 3.6).
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Table 3.3 UNSM treatment parameters from [12].
Amplitude, (µm)

Load, (N)

Scanning speed,

Spacing interval, (mm)

(mm/min)
40

16

3000

0.03

Figure 3.5 Microstructure mapping from EBSD from [12].

Figure 3.6 A bar of Baseline material and UNSM treated material.

Irradiation
Irradiation of the samples for this thesis was made at Michigan Ion Beam Laboratory at
University of Michigan (MIBL). These samples were irradiated with 2 MeV proton at the
temperature of 500º ±10ºC.
The samples of ATI 718Plus were mounted on the top of the copper stage with shim filled
liquid indium bounded by the stage. It was made in order to efficaciously remove heat from the
specimens. After that to ensure that samples will not slip or fall during irradiation or placing to the
mount, a screwed plate was placed on the top of the sample. Also, this plate installed to block
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leaking of liquid indium. Lastly, welded thermocouples were attached in contact with samples to
control an initial temperature [29].
Initially, the accelerator was turned off and the stage was electrically detached from the
beamline. Then, the stage was connected at the end of the accelerator beamline chamber (Figure
3.7a). The pressure in the beamline chamber while operation was constant 1.3×10-5 Pa. Proton
beam was calculated from the beam profile monitor that indicated FWHM as 3 mm. Adjusting the
tantalum aperture plates guaranteed that proton beam will totally cover a surface of the samples
(Figure 3.7b) [29].

Figure 3.7 Stage with samples mounting at the end of beamline. Adapted from [29]

Desirable temperature control was obtained by 2D infrared pyrometer that calibrated via
attached thermocouples. By combining resistance of heating and air cooling the temperature during
irradiation preserved at 5000 C.
Then samples were irradiated with 2 MeV proton in a 1.7 MV General Ionex Tandetron
accelerator. The current density from beamline was about 22 µA/cm2, and dose rate was 1.2×10-5
dpa/sec. Displacement damage profile was calculated by Stopping and Range of Ions in Matter
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(SRIM). In the simulation used million incident particles “Quick Calculation (K-P)” mode was
chosen to provide a better data and profile damages (Figure 3.8).
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Figure 3.8 SRIM simulation for 718Plus alloy by 2 MeV proton at 500ºC.

Post irradiation experiments
3.3.1 TEM lamellae
To investigate surface morphology of the specimens after irradiation transmission electron
analysis was made. In order to do that, in situ focused ion beam (FIB) lift-out method was used to
prepare TEM lamellae. The apparatus for cutting and lift-out specimen was used FEI Quanta 3D
FEG. The cutting and lift-out procedures were made on the center of the sample. Before starting a
cutting process, the top layer of the sample was covered by 3 µm platinum layer to avoid surface
damages from ions. Dimensions of cuts were 20x2 µm (Figure 3.9a). The next step was milling at
angle 52º with 30 Kv, and 30 nA each side of the sample until a desirable depth which was 10 µm
reached. After each milling, a cleaning cross section tool was used to clean unwanted deposition
of milled or milling ions. When all cutting was done, it was lifted-out from the surface by
Omniprobe needle (Figure 3.9b). Later it was placed on the copper grid, and welded by platinum
deposition (Figure 3.9c, d). The final step was thinning of the specimen (Figure 3.10b) that was
reached by milling each side of the sample until desired thickness was 50 ~ 100 nm.
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Figure 3.9 FIB lift-out technique from [30].

Figure 3.10 a) Cutting of sample of 718Plus; b) the end of thinning.

3.3.2 TEM lamellae imaging techniques
TEM Bright field (BF) imaging mode can provide a good overall sight of the microstructure
after the irradiation. Image processing can be achieved by Digital Micrograph, and ImageJ
software. Presence of precipitates or other phases are visible under 12000x magnification, and
identified by special contrast under BF mode. While voids can be distinguished by the throughfocus technique. Dislocations under BF mode show themselves as black lines depending on the
grain orientations. Usually the area of densely populated dislocations is picked for the studies. As
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one of the irradiation effects in material is dislocation loops. Also, radiation induced hardening
and embrittlement are attributed to the formation of dislocation loops at one third of melting
temperature [5]. In order to study dislocation loops by BF mode, some technical issues arise: the
first is while observing small grains image cannot be held in stable position; the second is when
one tries to study one of the densely populated dislocation area, and tilt it to the low zone axes the
image gets blurry [29].
TEM lamellae that was discussed above were analyzed using FEI Tecnai TF30-FEG
scanning transmission electron microscopy (STEM). Due to inability of BF mode make good
images among high density dislocation, C.M. Parish et al. (2015) suggested to operate on STEM
mode imaging that would provide better images [31]. The method is to locate the region of interest
on the low index axes zone [001], [111], [011] and take TEM image, then the lamellae is tilted to
adjust electron beam parallel to the zone axis. After this step is done diffraction pattern and grain
images are taken. To diminish collection angle of betta, smallest condenser aperture is inserted,
and adjusted with electron beam. Then, need to switch to STEM mode, and set up camera length
to its highest point to minimize union of alpha angles [29]. In that way BF STEM images provide
distinction between dislocation loops in densely populated dislocation areas.
3.3.3 iMicro nano-hardness test
Nanoindentation measurements were performed using Nanomechanics, Inc. tool The
iMicro Nanoindenter. The bulk specimen was hot glued onto the carbon stage (Figure 3.11) and
placed on the sample tray (Figure 3.12a).

Figure 3.11 718Pus sample glued onto carbon stage
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Figure 3.12 a) Sample tray; b) Inserted sample tray into the cabinet

By set screws stage was stabilized to ensure that stage will not move while indentation process.
The sample tray was placed on magnetic motion system (Figure 3.12b), and the top of the cabinet
was closed. In the “InView Test” software “Advanced Dynamic H and E” test method was picked.
By using video source calibration of the iMicro smoothest spot was selected for the indents.
Poisson ratio for 718Plus was used as 0.33. The penetration depth was set up till 5 µm (5000 nm)
with the maximum loading force 500 mN. Also, the surface approach distance picked as 5000 nm
because of rough and very hard surfaces of the sample. To start the indentation test four by four
array was created and repeated at different positions. Then, start button pressed to begin the test.
Initially the indenter calculates the distance until it touches the surface with minimal load. As a
result, measured point recognized as surface of the sample to the machine. Then, it starts test cycle
load followed by unloading in which it increases the load by calculating displacements until it
reaches maximum load. In that way all sixteen runs go for approximate 40-45 min, if everything
is good. It should be mentioned that not all sixteen runs in the array will give a result. While
running an experiment because of rough surface, and background noises the machine fails to find
the surface that was set initially and stays in the same run until operator will stop the experiment.
The results from the iMicro test will be discussed in the next chapter.
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4. RESULTS AND DISCUSSION

In this chapter all data from major experiments, with images and tables are provided in
results section. In addition, analysis of the data is discussed in the discussion part.

Results
4.1.1 TEM observation of the materials microstructure
In figures below are shown microstructure images from BF STEM mode, and diffraction
pattern for different surface treatments. In Figures 4.1, 4.2, 4.3, 4.4 are presented baseline sample
microstructure of 718Plus under different magnification as 96kx, 190kx, 380kx, 540kx. Other BF
STEM images of the baseline sample can be found in Appendix A. Also, diffraction pattern of
baseline sample along [001] axes is shown in Figure 4.5. Also, from TEM images presence of
voids and precipitates are not found, but dislocation loops are found and considered as main
irradiation effects in the analysis of this work.

Figure 4.1 BF STEM image of baseline at 96kx magnification.
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Figure 4.2 BF STEM of baseline sample 190kx maagnification

Figure 4.3 BF STEM of baseline sample 380kx magnification.
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Figure 4.4 BF STEM of baseline sample at 540kx magnifaication

1 0

1 / n m

Figure 4.5 ATI 718Plus Baseline sample diffraction pattern [001] fcc.

The BF STEM microstructure images of LSP treated 718Plus under 190kx, 270kx, 380kx,
540kx magnification are given in Figures 4.6, 4.7, 4.8, 4.9. Diffraction pattern of 718Plus+LSP in
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zone axes [211] is provided in Figure 4.10. Also, different images for 781Plus+LSP BF STEM
images are presented in Appendix B.

Figure 4.6 BF STEM image of 718Plus+LSP at 190kx magnification.
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Figure 4.7 BF STEM image of 718Plus+LSP at 270kx magnification.

Figure 4.8 BF STEM image of 718Plus+LSP at 3800kx magnification.

32

Figure 4.9 BF STEM of 718Plus+LSP at 540kx magnification.

5 1/n m

Figure 4.10 718Plus+LSP sample diffraction pattern along [211] fcc.

In Figures 4.11, 12, 13, 14 are demonstrated UNSM treated 718Plus sample microstructure
amplified in different zoom modes as 190kx, 270kx, 380kx, and 540kx. Also, diffraction pattern
captured along [211] fcc axes (Figure 4.15). Another images of 781Plus+UNSM from BF STEM
are demonstrated in Appendix C.
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Figure 4.11 BF STEM image of 718Plus +UNSM at 190kx magnification

Figure 4.12 BF STEM image of 718Plus+UNSM at 270kx magnification.
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Figure 4.13 BF STEM image of 718Plus+UNSM at 380kx magnification.

Figure 4.14 BF STEM image of 718Plus+UNSM sample at 540kx magnification.

35

1 0

1 /n m

Figure 4.15 718Plus+UNSM sample diffraction pattern in zone [211] fcc.

4.1.2 Dislocation loop counting
First, the number of dislocation loop were counted. The way of counting was made by
finding dislocations loops that are more likely have shape of circle, or ellipsoid as an example
Figure 4.16 provided from dozens. Then, ImageJ software was used to measure the diameter of
the loops. In order to be more consistent, after loop counting in each image even number of large,
intermediate and small sized loops which are marked with red dots on it in Figure 4.16 were picked
to measure diameters, or loop sizes. The results of dislocation loop counting presented in Table
4.1 where for averaged loop sizes, dislocation loop number densities, number of loops in the image,
and standard deviation of loop sizes from four images are given. The average loop sizes fluctuate
in ranges: for baseline sample 9 – 22 nanometers; for LSP treated sample 7 – 19 nm; and for UNSM
treated sample – 13-22nm. As one can see number of loops in samples also varies for baseline 919, for LSP sample 25-45, and for UNSM 16-50. The values of dislocation loop number densities
calculated without the thickness of the sample, because the lamellae thickness varies in the ranges
50-110 nm. So, the values of dislocation loop number density for baseline sample is order of 1013
m2 which is one order lower than other two treated samples that have 1014 m2.
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Figure 4.16 Dislocation loop counting example
Table 4.1 Dislocation loop counting results.

Baseline

UNSM

LSP

Average loop

Standard

size, nm

deviation

Area, nm2

Number

of

Loop

number

density, m-2

loops

17.53

5.24

365637.9

19

5.19E+13

11.08

3.92

92166.9

9

9.76E+13

9.42

1.84

181058.7

13

7.17E+13

22.53

6.87

365637.9

17

4.64E+13

17.52

4.9

181058.7

26

1.43E+14

13.10

4

92166.9

16

1.73E+14

22.29

5.98

365637.9

50

1.36E+14

13.28

3.54

92166.9

21

2.27E+14

18.94

7.03

92166.9

34

3.68E+14

7.66

2.82

92166.9

30

3.25E+14

17.71

6.36

92166.9

25

2.71E+14

12.59

5.16

92166.9

45

4.88E+14
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4.1.3 Hardness
Using the iMicro tool the nano-hardness tests were performed in the zones of irradiated
and unirradiated samples. On each sample four-by-four matrix of indents were made (Figure 4.17).

Figure 4.17 The surface of baseline 718Plus after nano-indentation

Also, in Figure 4.18 is provided plot of load versus depth to show that all sixteen runs were made
properly, and the data that was acquired in 95% of confidence with 5% error margins.

Figure 4.18 Load vs Depth plot for unirradiated baseline material.
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The plot of depth vs hardness of baseline sample from iMicro is given to show that the all sixteen
runs started measuring at different points and averages at some point (Figure 4.19). Surface
roughness, background noise and high sensitivity of the apparatus are the reason of having these
high number values till 400 nm. Thus, starting point is marked as “+” or when indenter touches
the surface of the sample at 400 nm.

Figure 4.19 Hardness vs Depth plot of unirradiated baseline sample

So, after sixteen tests the average values of the surface hardness at point where indenter finds the
surface of the sample are taken and presented in Table 4.2 with comparison to the references
hardness test results for baseline, LSP, and UNSM samples. For unirradiated LSP and UNSM
samples results which are 8.3 GPa and 9.7 GPa respectively are in a good agreement with
references. However, there is a difference in hardness for baseline samples which are 6.7 GPa for
literature result and 8.1 GPa for the value of this work.
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Table 4.2 Comparison of the hardness tests with references.
Hardness from

Hardness results from

references [12,17], GPa

iMicro, GPa

Baseline

6.7±0.25

8.1±0.31

LSP

8.3±0.34

8.3±0.41

UNSM

9.67±0.37

9.7±0.55

The next table are created to demonstrate the hardness tests difference between unirradiated
and irradiated samples (Table 4.3). From Table 4.3 the results for surface treated samples showed
a decrease in hardness. Particularly, for UNSM treated sample from 9.7±0.55 GPa to 9 ±0.21 GPa,
and for LSP treated sample from 8.3±0.41 GPa to 7.7±0.23 GPa. While irradiated sample of
Baseline material had remarkable decrease in hardness from 8.1±0.31 GPa to 5.5±0.31 GPa.
Table 4.3 iMicro hardness test results for not radiated, and irradiated samples within 2σ.
Baseline, GPa

LSP, GPa

UNSM, GPa

Unirradiated

8.1±0.31

8.3±0.41

9.7±0.55

Irradiated

5.5±0.31

7.7±0.23

9±0.21

Discussion
As it was mentioned in previous chapters that surface modification techniques in order to
increase either fatigue life or corrosion resistance is by mitigating surface residual stresses.
Introducing the compressive residual stresses to surface of the target may lead to severe plastic
deformation, and change in microstructure. In this work, LSP and UNSM treated samples both
have experienced severe plastic deformation. Also, 718Plus+UNSM sample is experienced a grain
refinement after the procedure. To study these effects M. Kattoura et al. used two mapping
techniques after fatigue testing on electron back-scatter diffraction (EBSD)/ orientation imaging
microscopy (OIM): the first is kernel average misorientation (KAM) – the average misorientation
between selected point and nearest neighbors; and the second is grain average misorientation
(GAM) – the average misorientation between each grain, and grain’s average orientation [12,17].
In Table 4.4 provided the results that is needed for later on discussion from GAM and KAM from
literature. It shows that the average grain misorientation in baseline sample is higher than in other
two samples. It can be explained by the technique that used in the surface treatments as in UNSM
and LSP methods use static and dynamic forces to create plastic deformation near the surface of
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the material. In other words, when these two methods are applied, one not only generates a high
number of dislocation, but also refine the grain orientations and pack them closely to each other.
Table 4.4 GAM and KAM values of 718Plus from [12], [17].
GAM

KAM

Baseline

1.05

1.86

LSP

0.56

0.44

UNSM

0.42

0.63

4.2.1 Dislocation loops
In Table 4.5 below show the average results from the Table 4.1 where average loop sizes
for baseline – 15.14 nm, for LSP – 14.22 nm, and for UNSM – 16.55 nm. As one can see
dislocation loop sizes are almost the same for all samples, while number density varies for surface
modified sample it is in the order of 1014 m2, whereas for baseline sample it is one order lower 1013
m2 .
Table 4.5 Avergae size of dislocation loops, number density and line length
Average

Average number

dislocation loop

density, m-2

Line length, m-1

size, nm
Baseline

15.14 ± 4.46

(6.69±2.3)×1013

(3.18±2.3)×106

LSP

14.22 ±5.3

(4.17± 1.3)×1014

(1.62 ±1.3)×107

UNSM

16.55 ±4.6

(1.7±0.4 )×1014

(8.84±0.4)×106

Also, Table 4.5 contains a value of total line length that was calculated to relate dislocation loop
density to the dislocation number density. Figure 4.20 was plotted to clearly observe differences
in average loop sizes, average loop density and in line legth.
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Figure 4.20 Normalized histogram of Table 4.5

If the sizes in the same range, then what is the distribution of them? In Figure 4.21 the
distribution of loops are shown by their sizes. It follows that LSP sample has much smaller
dislocation loops, while UNSM treated sample has bigger loop concentration.

Figure 4.21 Dislocation loop distribution in the sample.

Now the values of GAM and KAM are going to be used to find the relation between
dislocations loop size, number density and line length. In order to do that Figure 4.22, 23, 24, 25
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were plotted. It folows that loop size versus GAM is not clearly showing any dependence (Fig.
4.22).

Figure 4.22 1st is loop size vs GAM.

However, the Figure 4.23 is clearly show that GAM value affects to the total line length and the
number density of the loops. One can interpret as with increasing the grain misorientation between
grains can lead to fewer number of loop number density and loop line length. The only deviation
in the figure is the UNSM sample that has smaller grain size than other two. It is related to the
GAM value includes the grain sizes on its calculation.

Figure 4.23 1st is loop number density vs GAM; 2nd is Line length vs GAM.

The plot of loop size vs KAM is not demonstrating any clear tendency (Fig.4.24).
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F

Figure 4.24 1st is loop size vs KAM.

Nonetheless, the plot of loop number density vs KAM, and loop line length vs KAM
(Figure 4.25) have some trend which can be described as, when misorientation between two
nearest neighbours increase, the number density of dislocation loops goes down. Thus, KAM
values can explain the formation of high numbers of dislocation loop number densities in the
UNSM and LSP samples. In addition, one cannot see the grain size effects in KAM values because
KAM value does not consider grain sizes.

Figure 4.25 1st is line length vs KAM; 2nd is Loop number density vs KAM.

In addition, the formation of high dislocation loops can be from the twin boundaries that were
found in both UNSM and LSP samples. Also, twin boundaries are not favorable as the good sinks
for radiation damages [32].
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Lastly, the difference between irradiated LSP and UNSM samples is in the grain sizes. As
mentioned previously both UNSM and LSP methods have similar KAM and GAM values (Table
4.4), high number density of dislocation loops, and total line length (Table 4.5). So, the average
grain sizes after LSP treatment remain the same, while after UNSM method nano-sized grains are
created. Also, it has been observed that the nanocrystals resist better against irradiation damages
[33][34]. Thus, the grain sizes in UNSM method make the sample better against radiation.
4.2.2 Hardness
Table 4.3 shows the decrease in hardness, or radiation-induced softening for irradiated
718Plus. Because of extensive observations were done in radiation-induced hardening, and not
many papers on softening, it was decided to compare the irradiation effects of 718Plus to previous
718 alloy types. So, Alloy 718, IN718 and 718Plus have similar chemical compounds, the same
hardening phase but in different amounts. In order to do a comparison, the review of the literature
on irradiation effects on Alloy 718, IN 718 is made and then matched with the results of this work.
The main effect of irradiation on Alloy 718 is softening. B.H. Sencer et al. in 2000, 2001
observed softening in Alloy 718 after proton and neutron irradiation. The primary argument that
authors used in [35][36] were the dissolution of gamma prime and gamma two prime phases, and
redistribution of the dissolved atoms in the main matrix of the alloy. Also, the researchers found
that after irradiation IN 718 lost its ductility, and loop sizes increased with a dose of radiation.
Another work of J. D. Hunn et al., (2001), and T.S. Byun & K. Farrell (2003) observed
irradiation effects on IN 718 by low-temperature neutron and proton incidents [37][38]. In the
papers, authors used two different heat treatment conditions such as solution annealed (SA), and
precipitate hardened (PH) IN 718. In both papers, PH alloy was harder than SA. They found that
PH alloys had a softening, while SA had radiation hardening. In both papers author used TEM
analysis to analyze microstructure. They found that at 0.1 dpa main strengthening phases which is
gamma prime and gamma two prime started to disappear, and at 1 dpa dose they all dissolved. As
an example, diffraction patterns of IN 718 at different doses shown in Figure 4.26.
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Figure 4.26 Diffraction pattern of PH Alloy 718 along [100] at by 3.5 MeV Fe+: a) 0 dpa; b) 0.1 dpa; c) 1 dpa; d) 10
dpa. Adapted from [37].

In overall, as discussed above irradiation effects on Alloy 718, IN 718 which is the
predecessors of 718Plus. The first similarity is that our samples are precipitated hardened alloys.
The second is that observation of radiation-induced softening for all samples. As one can see from
diffraction patterns from Figure 4.5, 4.10, 4.15 that there are no gamma prime phases left in the
crystal structure of the alloys. So, as in case of Alloy 718, IN 718 gamma prime phases dissolved
and went back as a solute atom in the matrix. The third is that main radiation damage came from
black dots and dislocation loops.
There are four main explanations behind irradiation changes in microstructure as ballistic
dissolution, homogenous nucleation, Ostwald ripening, and irradiation-induced diffusion [40]. The
first theory, ballistic dissolution happens when an atom is ejected from its lattice side, and can be
explained by two mechanisms: the first - recoil dissolution; the second – disordering dissolution.
The theory behind this model is Nelson Hudson Mazey (NHM) model by recoil or disordering
dissolution. In their work, R.S. Nelson et al. (1972) studied precipitate stability under irradiation.
So, the model they suggested that precipitates as gamma prime (Ni3Al) at elevated temperatures
can diminish till atomic radii sizes. It was triggered by radiation. When the rate of dissolution
transcends the rate of diffusion to the precipitates, precipitates vanish as solute atoms to recover
the matrix of an alloy [39]. The rate of change of precipitate radius can be found by:
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(4.1)

where, r - precipitate radius, ψ - dissolution parameter, K - defect production rate, (D+D’) – solute
diffusion coefficient, p – atomic fraction of solute atoms in precipitate phase, C – concentration of
solute atoms, n – precipitate density. The second model is Ostwald ripening which states that
small and less stable precipitates can be absorbed by larger precipitates, and cause their coarsening.
The third model is irradiation induced diffusion in which the defect supersaturation is controlled
by thermal correspondence, and can be explained as the ballistic model. The last model is
homogenous nucleation which is described as solutes can be absorbed by precipitates, and cause
its expansion till critical radii are reached. None of the four models can explain the phenomenon
happening under irradiation by itself. Hence, J. Wharry et al. discussed in paper 2017 that the
multiple active mechanisms or combination of these four models can fairly describe experimental
results in the future works [40].
In addition, not irradiated baseline sample that was used in this work compared to baseline
sample from reference (Table 4.2) showed hardening. This might be from thermal aging when the
sample was proton irradiated at INL the temperature in the stage was 5000 C. Also, it can be from
the surface roughness of the sample because nano-indenter is sensitive to the surfaces.
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5. CONCLUSION AND FUTURE WORK

The objective of this work was to observe irradiation effects on nickel-based alloy with
different surface enhancement techniques. Laser shock peening (LSP) and ultrasonic nanocrystal
surface modification (UNSM) were used to enhance the surface of ATI 718Plus alloy. Irradiation
conditions were 2 MeV protons at 500 C with damage dose 1 dpa and were conducted at INL. The
microstructure of the samples was analyzed using transmission electron microscopy (TEM).
Neither void nor precipitates were present under TEM. So, in TEM bright field images dislocation
loop evolution was analyzed as main irradiation damage contributor. Nanoindentation experiments
performed on all specimens. As results of this work, the following conclusions can be made:
-

The formation and evolution of dislocation loops were related to grain average

misorientation (GAM) and kernel misorientation (KAM) of the samples. GAM values that
considers grain size shows fewer loop formation in UNSM than LSP treated sample. Also, when
grain sizes are not considered the trend is that with increasing the misorientation between grains
can reduce nucleation of dislocation loops.
-

The presence of twin boundaries in LSP and UNSM treated samples, made the

material less tolerant to the radiation.
-

The UNSM sample is more radiation tolerant than LSP sample because of

nanocrystals which generated while processing ultrasonic shock waves.
-

Radiation-induced softening was observed in all samples. It was related to the

dissolution of the gamma prime phases at 1 dpa. The reduction in the hardness after irradiation
were about 18% for baseline and 7.2% for UNSM and LSP samples. The models that could explain
were discussed.
Implementations of LSP or UNSM treatments in the industry will depend on the application.
As if one needs a material, that is more corrosion resistant then the material should be treated by
either LSP or UNSM. However, if one needs more radiation tolerant material then it is not a good
way to treat the materials with the surface enhancements.
As future work atom probe tomography (APT) can be done to check the existence of
precipitates in a matrix. In addition, increasing the irradiation temperature can more precisely
describe the NHM model. Also, different strengthening mechanism of ATI 718Plus can be used.
For instance, solution annealing (SA) might have radiation hardening and different microstructure.
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APPENDIX A

In this appendix the BF STEM images of the baseline sample of 718Plus alloy are presented.
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APPENDIX B

In this appendix the images from BF STEM for 718Plus+LSP sample are demonstrated
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APPENDIX C

In this appendix BF STEM images for 718Plus+UNSM are presented.
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